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INTRODUCTION
The physical dam.age resulting fromi thermal cycling uranium and other metals through their phase transformations is well known and has (1-4) been thoroughly investigated.
It has been shown that the nature of the physical damage induced by cycling is quite complex, (5) It was reported by Coffinberry and Waldron that thermal cyclmg of plutonium resulted in physical damage in the form of progressive decrease in density and surface distortion similar to that found for transform.ation cycling in uranium. They suggested the possibility of-microvoids existing in dilatometer specimens after thermal cycling through the phase transformations, A study of the transformation kinetics of pluto-C6) nium reported that macro-voids appeared after repeated cycling through the beta-to-alpha transformation.
The physical damage in plutonium when therm.ally cycled was very pronounced, greater than reported for any other metal. It has also been found that many variables affect the extent of void form.ation {e..g. -specime size and inclusions). This paper is a pre sent ent at ion and discussion of observed physical damage in plutonium. when it is thermally cycled between the alpha, beta, gamma, and delta phases.
SUMMARY
Thermal cycling plutonium through its allotropic transformations resulted in extensive physical damage. This was shown primarily by a density decrease as a function of the number of cycles. Thermally-cycled specimens contained voids and macro-voids which were observed m.etallographically.
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The voids initially appeared as internal micro-cracks and upon repeated therm,al cycling became somewhat symmetrical. After repeated cycling the distribution of the voids was generally quite uniform except at the specimen ends, where the voids were larger than those in the interior. Also, the voids were random,ly oriented throughout the sam.ples.
The experim.ental observations of cycling damage in plutonium were:
1. The physical damage resulting from, thermal cycling plutonium through its allotropic transformations was greater than for any other metal. 2. The extent of physical dam.age varied considerably depending on the cycling conditions and the characteristics of the metal, particularly inclusions and casting imperfections. Specimens containing a larger number of inclusions and casting imiperfections showed more extensive void formation. 3. The extent of physical dam.agej determined by density m.easurements, was directly proportional to the volume change associated with the allotropic transformations. 4. The presence of voids caused a decrease in m.echanical properties.
The tensile strength of specimens containing five to seven per cent voids decreased from 62, 800 to 30, 000 psi and the yield strength from 39, 300 to 26, 400 psi. 5. Increasing the specimen size resulted in a greater decrease in density as a function of the number of cycles. 6. Cycling rate may have affected the extent of void formation but probably not to the degree that specimen size and im.purities did. 7. Varying the length-to-diameter ratio of rods having a constant diam.eter had little or no effect on the extent of void form.ation, 8. Bending of rods always occurred in therm.ally cycled rods, 9. Radial and longitudinal growth occurred in all of the cylindrical specimens that were therm.ally cycled, A depression also appeared in the ends of each rod. UNCLASSIFIED UNCLASSIFIED -5-
10, Fracture frequently occurred when specimens were cycled. 11, Voids collapsed when thermally-cycled specimens were subsequently allowed to transform under 5000 psi. 12, The extent of void form.ation was directly proportional to the volume change associated with the phase transformation.
EXPERIMENTAL PROCEDURE
There are six allotropic forms of plutonium. The crystal lattice, transition tem.perature, and calculated density of each phase are shown in Table I , In the present work physical damage was investigated only for specimens thermally cycled between the alpha, beta, gamma, and delta phases. The extent of physical dam.age to plutonium due to thermal cycling was determined primarily by m.etallography, density measurements, and by m.easuring dimensional changes. The density m.easurements were determined by a fluid displacement technique using either carbon tetrachloride or bromobenzine as the displacement m.edium. All densities reported were determined in this manner and do not refer to the theoretical density or the densities determ.ined by X-ray diffraction.
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It was found that the surface condition of the specimens, whether ascast or machined, had no effect on the results. Therefore, all of the specim.ens were in the as-cast condition.
The four general conditions under which the specim.ens were cycled were: (1) an air atm.osphere, (2) a peanut oil bath, (3) evacuated capsules, or (4) vacuum annealing furnaces. The cycling conditions for each specimen are indicated in the discussion of results. Also, the rate of heating and cooling are noted in the discussion.
DISCUSSION OF RESULTS
Effect of the Volumie Change Associated with the Allotropic Transformation on the Extent of Void Formation Four specimens were machined to identical sizes from the sam.e as-cast ingot for the purpose of determ.ining the effect of the volume change associated with the phase change upon the extent of physical damage resulting fromi thermal cycling. One specimen was cycled through the gam.mato-alpha transformiation, one through the beta-to-alpha transformation, one through the gamma-to-beta transformation, and one through the deltato-gam.m.a transformation. All specim.ens were cycled ten times in vacuum at the same cycling rate. The specimen cycled between the beta and gam.m,a phases also passed through the beta-to-alpha transformation during the final cooling cycle. The specim.en cycled between the delta and gam.ma phases passed through both the gam.m,a-to-beta and beta-to-alpha transformations during the final cooling cycle. The density of each specimen before and after cycling is shown in Table 11 .
The data clearly show that the extent of void form.ation is directly proportional to the volume change associated with the phase transformation. transformation to that of the Gamm.a-to-Beta transformation. ** Ratio of the volume of voids formed with each phase transformation to that formed in the Gamma-to-Beta transformation.
Gamma-to-Alpha Thermal Cycling
Plutonium, samples one-half inch in diameter and three-fourths inch long were cycled between the alpha and gam.ma phases at different rates of transformation. Peanut oil and vacuum were used as the heat treating media.
Regardless of the heating or cooling rate there was a rapid decrease in density, or increase in total volum.e of void space, as a function of the number of cycles( Figure 1 ). The transformations betwaen the gamma phase and the alpha phase when cycled in peanut oil were quite rapid as the samples were allowed to transform from one phase to the other by direct im.mersion.
For the first few cycles the rapid heating and cooling rates resulted in the formation of more voids than by heating and cooling more slowly.
It seemed unlikely that the formation of voids was appreciably affected by the transformation m.edium during the first few cycles. However, after the voids had grown to an appreciable size, and the density was less than 18, 0 g/cm , the heat-treating liquid penetrated the specimens and filled the voids near the surface.
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The voids appeared initially as small micro-cracks ( Figure 2a ) and became somewhat synametrical after repeated cycling (Figures 2b -2d) . Also it can be seen from the photom.icrographs that few inclusions were present in the metal.
The extent of void formation after ten cycles between the gamma and alpha phases was very nearly the same regardless of the medium of transformation or the cycling rate. Eight samples were cycled ten times under different conditions. The average density of the eight sam.ples was 18. 3 g/cm . The mininaum. density was 18. 15 g/cm and the m.aximum was 18, 41 g/cm .
A sanaple three-eighths inch in diam.eter and three-fourths inch long was sealed in an evacuated capsule and cycled thirty-five times between the gamma and alpha phases. The density decreased from. 19. 5 to 14. 0 g/cm . This was an average density decrease of 0. 16 g/cm. per cycle. The distribution of voids was quite uniform throughout the sample. Figures 2b and 2c show that the distribution of voids was very nearly the same at the center as at the edge of the sam.ple. The distortion of the sample was such that it grew both radially and longitudinally.
Beta-to-Alpha Thermal Cycling
Cycling conditions and the purity of the plutonium. had a m.ore pronounced effect on the formation of voids between the beta and alpha phases than when cycled between the gam.m.a and alpha phases. This is shown in Figure 3 where the per cent decrease in density is plotted as a function of the num.ber of cycles. The curve showing a greater rate of density decrease was plotted from data for a sam.ple cycled in peanut oil and rapidly heated and cooled (i. e.-by direct im.m.ersion). The curve showing a lower rate of density decrease was of a sam.ple cycled in vacuum and at slower heating and cooling rates (approximately 25 C/min). However, the difference between the curves was due primarily to purity. The purer samiple was affected less by cycling. 
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The shape of the voids, when beta-to-alpha cycled, was similar to those occurring when the metal was gamm.a-to-alpha cycled. The voids, appearing first as micro-cracks and then becoming somewhat symim.etrical, were similar to the photonaicrographs shown in Figure 2 , The distribution of voids was uniform from the center of the sample to the outside edge.
Delta-to-Alpha Thermal Cycling
The density decrease as a function of the num.ber of cycles of a specimen cycled between the delta and alpha phases was approxim.ately linear, except between four and eight cycles. The average density decrease was 0. 14 g/cm per cycle (Figure 4 ). The deviation of the curve from linearity between four and eight cycles ccwld not be explained satisfactorily. The curve was similar to that obtained with a specimen cycled between the gamma and alpha phases (Figure 1) . However, an exact correlation to the gamma-to-alpha cycling could not be made since the m.etal used for the delta-to-alpha cycling was unfortunately from a different heat than that used to study the gamm.a-to-alpha thermal cycling.
Influence of Specimen Size
Early in the investigation it was found that the density decrease upon thermal cycling plutonium between any of its allotropic transformations depended on the sample size. This lead to a quantitative investigation of the influence of sample size on the physical damage to plutonium subjected to thermial cycling.
Unalloyed plutonium was cast into spheres having diameters of 1/4, 1/2, 3/4, 1, and I-I/2 inches. A photograph of the as-cast spheres is shown in Figure 5 The density decrease of each sphere after one, two, three, four, and eight cycles between the beta and alpha phases is shown in Table III and plotted in Figure 8 . The spheres were cycled in vacuum at approximately 2 C/minute. The maximum cycling temperature was 180 C, at which the specimens were held for 30 minutes. The data show that increasing the sample size produced a greater anaount of physical damage. This dam.age reached a maximum at approxim.ately one inch (Figure 9 ), Although specimen diameter noticeably influenced physical damage, its effect was not nearly as great as im.purities and other casting variables.
The weight of the 1-1/2 inch sphere and ductility of the beta phase caused the voids to collapse. Hence, the density decrease of this sphere after eight cycles was significantly less than the 1/2, 3/4, and 1 inch spheres as reported in Table III . A flattening of the 1-1/2 inch sphere was also observed after eight cycles.
Plutonium, rods, 0, 375 inch in diameter with a varying length: diameter ratio, were cycled eight times between the beta and alpha phases. The densities after each cycle are shown in Table IV. UNCLASSIFIED UNCLASSIFIED -11-HW-61681 The data show that varying the length: diameter ratio had little or no effect on the resulting physical damage due to thernaal cycling. The 2:1 ratio specimen showed a consistently lower density decrease and was believed to have contained a lower amount of inclusions. Likewise, the sample having a length:diameter ratio of 3:1 was believed to have contained a slightly greater amount of inclusions. This would have accounted for the density change being greater than for the other samples.
Three 0. 75-inch long plutonium rods, with varying length:diameter ratios of 3:1, 1:1, and 3:4, were cycled eight times between the beta and alpha phases. The densities after each cycle are tabulated in Table V The data showed that decreasing the length:diameter ratio (increasing the specimien size) of a sample having a constant diameter resulted in a greater amount of physical damage due to beta-to-alpha thermal cycling. The dimensional changes of plutonium rods were such that each specimen was slightly elongated and had a depression in each end. Also, there were both radial and longitudinal growth with the radius increasing appreciably more at the ends of the specimien than at the center, A slight roughening of the surface also occurred.
Specimiens were also fractured as a result of thermal cycling. The dimensional changes of two specimens after 20 cycles between the beta and alpha phases were determined, A com.parison of these specim.ens before and after cycling is shown in Figure 13 . Prior to cycling the three cylindrical rods were 0. 375 inch in diameter and 0. 750-inch long. Figure 13 and Table VI show that the specimens expanded both longitudinally and radially. The radial growth was four to five times greater at the ends than at the center. Table VII and plotted in Figure 15 .
UNCLASSIFIED HW-61681 Physical damiage in the rod was in the form of voids which varied from micro-voids to large macro-cracks (Figure 16 ). There was also swelling with large pim.pling on the surface of the specimen portion that had undergone repeated beta-to-alpha cycling. Metallography revealed that the zone between which there was an extensive amount of voids and no voids was quite small, approximately one millimeter.
Metallography showed that the distribution of voids across a transverse section of a cycled plutonium cylindrical rod, except at the ends, was uniform.. Also, distribution of voids across a transverse section was very little different from that through a longitudinal section (Figure 2) . At the extreme ends of the rods the distribution of voids was non-uniform. In addition, the shape of the voids at the ends of the rods was very irregular. Four one-fourth-inch tensile bars were cast slightly over-size, sealed in evacuated capsules and cycled ten tim.es between the gam.ma and alpha phases. After cycling the tensile bars were m.achined to final size. The resulting tensile data are shown in Table VIII with a comparison to the average tensile properties of alpha m.etal that had not been cycled, The data showed that the ultimate tensile strength, yield strength, and hardness decreased appreciably after thermal cycling. The decrease was due to the presence of voids as shown in 
